The p53-inducible protein TIGAR (Tp53-induced Glycolysis and Apoptosis Regulator) functions as a fructose-2,6-bisphosphatase (Fru-2,6-BPase), and through promotion of the pentose phosphate pathway, increases NADPH production to help limit reactive oxygen species (ROS). Here, we show that under hypoxia, a fraction of TIGAR protein relocalized to mitochondria and formed a complex with hexokinase 2 (HK2), resulting in an increase in HK2 activity. Mitochondrial localization of TIGAR depended on mitochondrial HK2 and hypoxia-inducible factor 1 (HIF1α) activity. The ability of TIGAR to function as a Fru-2,6-BPase was independent of HK2 binding and mitochondrial localization, although both of these activities can contribute to the full activity of TIGAR in limiting mitochondrial ROS levels and protecting from cell death.
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cancer metabolism | glycolysis | oxidative stress | low oxygen T he uptake and metabolism of glucose is fundamental for energy production and supporting various anabolic pathways that produce the macromolecules required for cell growth and proliferation. Flux through the different metabolic pathways can be modulated in response to varying growth conditions and demands, as seen in cancer cells, which adopt high rates of aerobic glycolysis that is characterized by extensive glucose uptake and high levels of lactate production (1) .
Glycolysis can be regulated by changes in the expression or activity of enzymes that catalyze various steps of the pathways. Allosteric regulation or covalent modification of many metabolic enzymes has been described, and the concentration of the active enzyme can also be controlled through changes in transcription, splicing, or protein stability. The subcellular localization of some glycolytic enzymes has also been shown to play an important role in regulating their functions (2, 3) . In the first step of glucose metabolism, hexokinases (HK) generate glucose-6-phosphate, which can then be further used through glycolysis to produce energy, diverted into the pentose phosphate pathway (PPP) to produce NADPH and anabolic intermediates or converted to glycogen for storage. HK2 is thought to play a key role in promoting anabolic pathways and is frequently overexpressed in cancers (4) . Both HK1 and HK2 show cytoplasmic and-through interaction with voltage-dependent anion-selective channel (VDAC)-mitochondrial localization. The presence of HK at the mitochondria provides a close proximity to intramitochondrial ATP production, which helps to couple glycolysis and oxidative phosphorylation (5) . This mitochondrial HK also helps to limit mitochondrial reactive oxygen species (ROS) production by maintaining local ADP levels (6) . Furthermore, mitochondrial HK2 can directly inhibit apoptosis through regulation of the mitochondrial permeability transition pore that, in part, reflects the ability to block the recruitment of proapoptotic proteins such as Bax and Bak (7) (8) (9) (10) (11) . The interaction of HK2 with the phosphoprotein PEA15 is also required for protection from apoptosis under hypoxia (12) .
Several oncogenes and tumor suppressor genes can regulate the expression of different glycolytic enzymes (13, 14) . The p53 tumor suppressor protein can drive the expression of a number of genes that result in an increased rate of oxidative phosphorylation while dampening glycolysis. In this way, p53 can oppose the acquisition of aerobic glycolysis that is characteristic of cancer cell metabolism (15) . One of these p53 target genes encodes for the protein TIGAR, which functions as a fructose-2,6-bisphosphatase (Fru-2,6-BPase) (16, 17) . TIGAR limits the levels of fructose-2,6-bisphosphate (Fru-2,6-BP) in the cell and subsequently lowers the activity of phosphofructosekinase-1 (PFK1)-a key step in the control of glycolysis (18) . This reduction in glycolytic flux promotes the PPP, which generates NADPH. TIGAR expression is therefore able to increase NADPH levels and promote antioxidant function, thereby limiting ROS-associated apoptosis and autophagy (16, (19) (20) (21) (22) . However, the ability of TIGAR to promote cell survival is cell and context dependent. In cells that highly depend on the maintenance of glycolytic flux for survival, expression of TIGAR correlates with decreased, rather than increased, survival (16, 23) .
In this report, we show that TIGAR can form a complex with HK2 at the mitochondria and modulate HK2 activity under hypoxia, so contributing to the control of mitochondrial ROS and cell survival under hypoxia.
Results
Our previous work showed that TIGAR can function to limit ROS accumulation, autophagy, and apoptosis, and that this function of TIGAR is most clearly seen under conditions of metabolic stress that include hypoxia (19) . Using A2780 and SW48 cells, each of which express clearly detectable TIGAR protein levels, we examined the effect of hypoxia on TIGAR levels and localization (Fig. 1 ). Culturing cells in 0.1% (vol/ vol) O 2 for 24 h did not affect the overall levels of TIGAR expression, but cell fractionation revealed that hypoxia induced the relocalization of some TIGAR protein to the mitochondrial fraction (Fig. 1A) . Direct staining of cells for TIGAR and Tom 20, a mitochondrial marker, confirmed that localization of TIGAR to the mitochondria was not observed in cells grown under 20% (vol/vol) O 2 , but was induced when cells were grown in 0.1% O 2 ( Fig. 1 B and C) . Treatment of cells with DPCA or DMOG, small molecules that lead to the stabilization of HIF1α (24, 25) , also promoted the relocalization of TIGAR to mitochondria ( Fig. 1 D and E) -although it should be noted that these drugs generally inhibit prolyl 4-hydroxylases and will therefore have additional, HIF1α-independent effects. Specificity of the TIGAR staining in these immunofluorescence experiments was demonstrated by using previously described siRNAs to deplete TIGAR protein (Fig. S1A) . To determine where in the mitochondria TIGAR is located, we performed immunofluorescence studies in hypoxic cells treated with a gradient of digitonin to permeabilize different mitochondrial membranes (26) . Using Tom20 as a marker of the outer membrane, HtrA2 as a marker of the intermembrane space and Hsp60 as a marker of the matrix, we were able to show that TIGAR located with Tom20, at the outer mitochondrial membrane (Fig. 1F) .
To investigate the function of TIGAR at the outer mitochondrial membrane, we considered previous studies that identified the binding between the bisphosphatase domain of PFK2/ FBPase and glucokinase (27) (28) (29) , a member of the HK family expressed mainly in the liver, pancreas, gut, and brain (5). Because TIGAR resembles the bisphosphatase domain of PFK2/ FBPase (16, 17) , we reasoned that TIGAR might form a complex with HK family members. Of the four HK isoforms, HK2 is the most commonly overexpressed in cancers and cancer cell lines. Using A2780, SW48, and CACO2 cells, we looked for coprecipitation of endogenous HK2 with endogenous TIGAR under conditions of glucose depletion or hypoxia (0.1% O 2 ) ( Fig. 2A ). An unrelated isotype-matched antibody was used as negative control (Fig. S1B) . As shown previously, hypoxia induced an increase in HK2 expression ( Fig. S1C) (30) . Although no or low levels of binding between TIGAR and HK2 could be detected under normal growth conditions, hypoxia resulted in a clear increase in the association of HK2 with TIGAR in all three cell lines ( Fig. 2A ). This hypoxia-induced association of TIGAR with HK2 was abrogated when the cells were also subject to glucose starvation. Immunofluorescence studies confirmed that the colocalization of TIGAR with HK2 under hypoxia was lost in the absence of glucose (Fig. 2B) . Interestingly, the glucose dependence of mitochondrial localization has also been reported for HK2, which is localized to the mitochondria in the presence of glucose but moves to the cytosol when glucose is removed (2, 12) . Consistently, we also found that the removal of glucose resulted in some dissociation of HK2 and a mitochondrial marker (mtHsp70), particularly in 0.1% O 2 , although even under these conditions, some HK2 remained at the mitochondria (Fig. 2C) . Importantly, the HK2 binding and relocalization of TIGAR was also seen in other cell lines (U2OS, HCT116, and HeLa) and under 1% O 2 (Fig. S1 D, E, and H). Finally, we were able to show that the mitochondrial relocalization of TIGAR in hypoxia depends on HK2, because cells depleted of HK2 (Fig. S1F ) do not relocalize TIGAR in 0.1% O 2 ( Fig. 2D) . However, overexpression of HK2 under normoxia is not sufficient to move TIGAR to the mitochondria (Fig. S1G ), suggesting that other hypoxia-dependent events are necessary for the relocalization. Furthermore, we were unable to detect an interaction between TIGAR and HK1 or VDAC under hypoxia (Fig. S1H) , and the levels of HK1 expression in these cells did not impact on the ability of HK2 to interact with TIGAR (Fig. S1I) .
Previous studies have suggested that binding to PFK2/FBPase enhances the activity of glucokinase (27, 31, 32) , and so we examined the effect of TIGAR on HK activity under normoxic and hypoxic conditions. Although HK2 depletion by siRNA strongly reduced HK activity in both conditions, a clear reduction in HK activity was also seen after siRNA depletion of TIGAR (Fig. 2E) under hypoxia, although TIGAR depletion did not influence HK activity in 20% O 2 . Conversely, overexpression of TIGAR resulted in enhanced HK2 activity, which was again strongly inhibited by siRNA depletion of HK2 (Fig. 2E) . These results show that hypoxia promotes the interaction of TIGAR with HK2, resulting in the mitochondrial localization of TIGAR and enhanced HK activity.
The results shown in Fig. 1 suggest that TIGAR relocalizes to the mitochondria when HIF1α is activated. Using two inhibitors of HIF1α accumulation, compound c (which inhibits AMPK and HIF1α activation under hypoxia) (33, 34) and CAY10585 (which prevents the accumulation of HIF1α) (35), we found that the hypoxia-induced relocalization of TIGAR depended on HIF1α (Fig. 3A) . siRNA-mediated depletion of HIF1α also abrogated the relocalization of TIGAR to mitochondria (Fig. 3B) . Interestingly, depletion of HIF1α also prevented the binding of HK2 to TIGAR (Fig. 3C) , as did inhibition of HIF1α activation by CAY10585 (Fig. 3D) .
We have found that the TIGAR can regulate ROS levels by promoting the PPP and the generation of reduced glutathione (16) . However, mitochondrial HK activity has also been shown to inhibit mitochondrial ROS and promote cell survival (6, 9, 36) . We therefore examined the effect of modulating TIGAR on these responses in hypoxic conditions, when TIGAR is associated with HK2. Under these conditions, overexpression of wild-type TIGAR significantly lowered mitochondrial ROS, whereas depletion of TIGAR or HK2 increased ROS levels (Fig. 4A) . Interestingly, depletion of HK2 abrogated the ability of TIGAR overexpression to limit the mitochondrial ROS, suggesting that HK2 is required for this function of TIGAR (Fig. 4A) . HK2 activity has also been shown to help maintain mitochondrial membrane potential (9) and is consistent with an ability of TIGAR to enhance HK2 activity. The overexpression of TIGAR rescued loss of membrane potential, whereas depletion of TIGAR exacerbate the decrease of membrane potential compared with control cells in hypoxia (Fig. 4B) . Elevated mitochondrial ROS levels can lead to the induction of apoptosis, and mitochondrial HK2 has been shown to protect cells from apoptosis through several mechanisms (7, 8, 37) . We therefore examined the effect of TIGAR expression on cell survival during hypoxia. Consistent with the ability of TIGAR to maintain mitochondrial membrane potential and increase HK2 activity, increased TIGAR levels protected against cell death during hypoxia, whereas the depletion of TIGAR or HK2 enhanced cell death (Fig. 4C) . HK2 protein levels were assessed by Western blot (Fig. 4D) .
TIGAR can function as a Fru-2,6-BPase, with a critical role for three amino acid residues within the region similar to the catalytic domain of the bisphosphatase (16) . Substitutions of each of these amino acids in the mutant TIGAR TM (H11A/ E102A/H198A) (Fig. 5A ) results in the loss of bisphosphatase activity. However, despite the loss of enzyme activity, this mutant TIGAR protein was still able to relocalize to mitochondria in response to hypoxia, in a manner similar to the wild-type protein (Fig. 5B) . A screen of additional TIGAR mutants showed that a small deletion within the C terminus of the TIGAR protein (TIGAR 258-261), away from the catalytic domain, prevented hypoxia-induced relocalization to the mitochondria (Fig. 5B) , while retaining the normal localization in normoxia (Fig. S2A) . Despite deleting only four amino acids, TIGAR 258-261 was very poorly expressed under hypoxia at 37°C and comparable expression levels of all TIGAR proteins were achieved by growing the transfected cells at 30°C. The mitochondrial localization of the TIGAR mutants was confirmed by cell fractionation and Western blotting (Fig. S2B) . To determine whether mitochondrial relocalization correlated with HK2 binding, we carried out further coimmunoprecipitation studies with transfected TIGAR and endogenous HK2. Both wild-type and TM proteins retained the ability to bind HK2 in response to hypoxia, correlating with their ability to move to the mitochondria, whereas 258-261 or the double mutant TM/258-261 failed to bind (Fig. 5C) . Similarly, these mutants failed to relocalise with HK2 during hypoxia compared with the wild-type and TM proteins (Fig. S2C) .
Having established that the 258-261 mutant cannot translocate to the mitochondria or bind to HK2, we determined the effects of this mutant on HK2 activity. As expected, under normoxic conditions, where no TIGAR/HK2 interaction was seen, TIGAR expression did not impact HK2 activity. In hypoxia, both wild-type and TM enhanced HK2 activity (Fig. 5D) , indicating that the ability of TIGAR to regulate HK2 activity does not depend on its Fru-2,6-BPase function. However, the TIGAR mutants that did not bind HK2 (258-261 and TM/258-261) were unable to enhance HK2 activity (Fig. 5D) . Finally, we showed that loss of the ability to bind HK2 did not impact the Fru-2,6-BPase function of TIGAR (Fig. 5E) , because the 258-261 mutant retained a similar ability to decrease intracellular Fru-2,6-BP levels as wild-type TIGAR or the FBPase-2 domain of PFK2.
We next sought to determine some of the effects of TIGAR on mitochondrial function. Mitochondrial ROS levels were extremely low in these cells under normoxia (Fig. 6A) and not significantly impacted by TIGAR expression. However, the limitation of mitochondrial ROS in hypoxic cells by TIGAR was also seen after expression of the TM mutant (Fig. 6A) , indicating that the ability of TIGAR to promote HK2 function can help to limit ROS independently of Fru-2,6-BPase function. Neither of the HK2 binding deficient TIGAR mutants (258-261 and TM/ 258-261) showed effective mitochondrial ROS limiting activity (Fig. 6A) . We noted, however, that the TM mutant showed a somewhat lower efficiency in limiting mitochondrial ROS were immunoprecipitated by using anti-TIGAR antibody. The membranes were probed with the indicated antibodies. (D) Cells transfected with wildtype TIGAR or the indicated mutants were grown in normoxia (control) or hypoxia (1% O 2 ) for 24 h at 30°C and their HK activity measured. The relative activity was obtained by normalization to the control cells in normoxia. *P < 0.05 compared with hypoxia control. (E) Fru-2,6-BP level in cells transfected with the indicated TIGAR constructs (empty vector as control) that were exposed to hypoxia (1% O 2 ) for 24 h. *P < 0.05 compared with control.
compared with the wild-type protein, suggesting that Fru-2,6-BPase function may also make some contribution to antioxidant activities under hypoxia (Fig. 6A) . A similar activity of the TIGAR mutants in regulating the mitochondrial membrane potential was seen, where under hypoxia, TIGAR mutants that cannot bind to HK2 failed to protect against the decrease of mitochondrial membrane potential (Fig. 6B) . Again, the TM mutant retained this activity (Fig. 6B) . Taken together, these data suggest that in hypoxia, the HK2 binding activity of TIGAR plays an important role in lowering ROS levels and maintaining mitochondrial membrane potential-and that under these conditions, the Fru-2,6-BPase activity of TIGAR may contribute to, but is not necessary for this activity. Turning to an assessment of the role of TIGAR on cell death, we found that although both the TM and 258-261 mutants retain some ability to protect against cell death, albeit with diminished activity, this is lost in the TM/258-261 double mutant (Fig. 6C) . Equal level of TIGAR protein expression was confirmed by Western blot (Fig. 6D) . Together with the results shown in Fig. 4 , these data suggest that the binding to HK2 is important for TIGAR to protect cells against hypoxic cell death, with a cooperative contribution of the Fru-2,6-BPase activity.
Mitochondrial ROS has been shown to activate HIF1α (38, 39), although we were unable to see any defect in HIF1 activation under hypoxia after overexpression of TIGAR (Fig. S3A) . Depletion of HIF1α results in enhanced death in hypoxic cells (40) , and we found that the expression of TIGAR was unable to rescue the very high levels of cell death seen under these conditions (Fig. S3B) . Because TIGAR cannot localize to the mitochondria in the absence of HIF1α, these results support the suggestion that mitochondrial localization and HK2 binding are important for the survival function of TIGAR in response to hypoxia. Discussion TIGAR has been shown to function as a Fru-2,6-BPase, regulating intracellular Fru-2,6-BP levels and glycolysis under various conditions (16, 17, 21, 23) . In this study, we identified an additional function for TIGAR in lowering ROS and maintaining cell survival during hypoxia through a mechanism that is independent of Fru-2,6-BPase activity. This function is achieved by translocation of TIGAR to the mitochondria and interaction with HK2, resulting in enhanced HK2 activity, the regulation of mitochondrial membrane potential, and decreased mitochondrial ROS.
Although hypoxia alone can increase glycolysis by increasing the expression of the glycolytic enzymes, including HK2 itself (41) , our data indicate that mitochondrial HK2 activity can be further enhanced by interaction with TIGAR. Interestingly, the subcellular localization of HK2 has been shown to determine which pathway for glucose metabolism is used, with cytoplasmic HK2 promoting anabolic pathways such as the PPP or glycogen synthesis and mitochondrial HK2 directing glucose through glycolysis (2) . The function of mitochondrial TIGAR may therefore be quite distinct from the ability to promote the PPP, although there will clearly be intersections of the consequences of these activities in terms of ROS regulation and apoptosis control.
In addition to promoting glycolysis, several mechanisms through which mitochondrial HK2 can restrain apoptosis have been proposed. In general, overexpression of HK2 can lower the level of mitochondrial ROS, and this activity depends on the mitochondrial localization and glucose phosphorylation activity of HK2 (6, 9) . This function of HK2 can protect cells against oxidative stress induced cell death (36) . Mitochondrial HK has also been suggested to inhibit cell death by preventing the activation of the mitochondrial permeability transition (7) (8) (9) or by abrogating the activity of the proapoptotic Bcl-2 family proteins such as Bax and Bak (9) (10) (11) . Consistent with these reports, we have also shown here that TIGAR can only decrease mitochondria ROS during hypoxia when HK2 is present on the mitochondria.
Regulation of HK2 localization to the mitochondria has been suggested to act as a molecular switch that can sense the level of glucose and determine the fate of the cell. Although HK2 can protect cells from hypoxic cell death, this activity is lost in the absence of glucose (12) , conditions under which HK2 becomes dissociated from the mitochondria (2). Consistently, we have also shown that the translocation of TIGAR to the mitochondria and the binding to HK2 depend on glucose availability. The direct signal that is responsible for the translocation of HK2 is not yet definitively shown, but it has been suggested that Aktdependent phosphorylation (37, 42) or HK2 conformational changes after binding to glucose (43) may play a role. The localization of TIGAR and HK2 at the mitochondria during hypoxia may therefore offer several mechanisms to integrate energy metabolism with cell survival, through the control of glucose metabolism, ROS level, and mitochondrial outer membrane permeabilization. Interestingly, although we show here that TIGAR mutants lacking Fru-2,6-BPase activity retain some ability to limit mitochondrial ROS and cell death in hypoxic cells, our previous studies showed that under conditions of both hypoxia and glucose depletion (where neither TIGAR nor HK2 are at the mitochondria), the protective effect of TIGAR depended entirely on Fru-2,6-BPase activity (19) . These data suggest that TIGAR shows two independent functions: a Fru-2,6-BPase activity that is manifest in normoxic, hypoxic, and glucose limited cells and functions to promote the PPP, produce NADPH, and limit ROS, and a second hypoxia-induced activity that depends on HIF1α and glucose, and involves mitochondrial localization, binding, and activation of HK2.
The interaction between HK2 and TIGAR is reminiscent of the interaction between glucokinase (a HK family member) and 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB) at the bisphosphatase domain (27) (28) (29) . Similar to overexpression of TIGAR in our system, increasing PFKFB level can also increase GK activity in pancreatic β-cells (27, 31, 32) , an activity that depends on the availability of glucose in these cells (29) . These results underline an important role of these interactions as sensors of glucose and oxygen availability to modulate energy metabolism and cell survival.
TIGAR expression is up-regulated by the tumor suppressor p53 and is likely to contribute to the ability of p53 to help cells adapt to metabolic stress. However, the prosurvival and HK2 stimulating activities of TIGAR in hypoxic conditions may also contribute to the survival of cells during malignant progression, making it possible that deregulated expression of TIGAR could promote, rather than inhibit, cancer development.
Materials and Methods
Detailed methods are in SI Materials and Methods.
Cell Lines, Transfections, siRNAs, and Antibodies. Cell lines were transfected by using Lipofectamine 2000 reagent (Invitrogen). siRNA and TIGAR constructs were described (Santa Cruz) (16) or generated for this study. HK2 constructs were kindly provided by Philipp Mergenthaler (Berlin, Germany) (44) . Commercially available and the described Anti-TIGAR antibody (16) were used for protein analysis.
Immunofluorescence. Cell fixation and immunofluorescence were performed as described (16, 45) . Visualization of proteins at different mitochondrial compartments by using a gradient of digitonin (Sigma) concentration to permeabilize membranes was performed as described (26) .
Mitochondrial Membrane Potential, Mitochondrial ROS, and Cell Death. Live mitochondrial membrane potential was determined as described (45) .
Hexokinase activity and Fru-2,6-BP Level. Fru-2,6-BP levels and HK activity was measured as described (16, 37 
